Modern vehicles equipped with a spark ignition engine come with fuel injection and electronic mixture control, in combination with a three-way catalyst: as a result, carbon monoxide and unburned hydrocarbon cold emissions represent a significant share of total emissions if compared with those given off in hot conditions, so implying direct consequences on the air quality of metropolitan areas. The purpose of this research is to investigate the engine efficiency and emissive performance of last generation engines during the cold-start phase. For this aim, an experimental-analytical procedure was optimised and applied to study the cold emission behaviour of two motorcycles, characterised by similar technical specifications; the exhaust emissions of these motorcycles were measured on a chassis dynamometer in the laboratories of the National Research Council (CNR-Italy). By using this calculation procedure and the emission results measured during the experimental tests, the duration of the cold phase and the total emissions released during the cold-start transient were evaluated for carbon monoxide and unburned hydrocarbons. The average values of cold emission factors and warm-up transient durations obtained for unburned hydrocarbons were 1.05 g/km and 162 s, respectively. Regarding carbon monoxide, the average values of cold emission factors and warm-up transient durations were 14.9 g/km and 152 s, respectively. The results of this study are very useful for better characterising the emission levels of the last generation motorcycles under real urban conditions.
INTRODUCTION
Nowadays, a large proportion of the total road transport emissions of carbon monoxide and unburned hydrocarbons, especially in urban areas, is caused by vehicles being driving under cold-start conditions, despite them having electronic mixture control and a catalytic converter. Besides, in the last years two-wheelers vehicles are increasingly being used and represent a large proportion of motorised vehicles, especially in urban areas of Asia and Europe [1, 2] . Starting from these considerations, a numerical-analytical analysis was performed on the cold exhaust emissions of two high-performance motorcycles (1000 cm 3 and Euro-3 legislative category). In recent years, advances in internal combustion engines, such as the common rail, the adoption of improved lubricants, the development of control electronics and the use of catalytic converters, have allowed the considerable reduction of both fuel consumption and pollutant emissions during the steady state performance of internal combustion engines [3] [4] [5] . However, the cold-start performance of vehicle engines remains a crucial phase because the thermal efficiency of the last generation engines is meaningfully lower at cold-start than when the vehicles reach steady-state temperatures owing to sub-optimal component and lubricant temperatures [6] [7] [8] . Consequently, whilst the vehicle may have acceptable performance credentials once fully warm, poor cold-start performance may possibly result in the vehicle failing key emission tests and being assigned a high fuel consumption. It is therefore critical to make attempts to improve fuel consumption and emissive behaviour during the cold-start and warm-up phases, particularly as consumer driving habits often involve trips that are of a sufficiently short distance that the engine never reaches its optimum operating temperature [3] . In this regard, Goettler, Vidger [9] estimated that up to 80% of trips made in the United States of America are less than 15 km in length whilst Jarrier, Champoussin [10] claimed the mean European car journey to be approximately 10 km. Andrews, Harris [11] reported the findings of André, who found that from a survey of 35 vehicles 52% of the vehicle journeys made were less than 3 km in duration. André [12] carried out extensive work investigating the driving habits and trends of vehicles used in real conditions. He found that most trips made by car owners are of a short duration in terms of both time and distance. The work investigated the driving trends of 55 vehicles and characterised 1840 h of vehicle running, and found that approximately one third of the trips made did not enable the engine coolant to exceed 70 °C or the engine lubricant to exceed 60 °C.
In view of all these concerns, a deep assessment of the efficiency and emission behaviour in cold conditions of last generation vehicles equipped with SI (spark ignition) engines is undoubtedly essential. Therefore, an analytical-experimental study aiming at these concerns was performed by the Department of Industrial Engineering (University of Naples Federico II) and by the Istituto Motori (National Research Council, CNR-Italy) based on roller test bench measurements. Carbon monoxide and unburned hydrocarbons were measured in the exhaust emissions of two high-performance motorcycles with a displacement of 1000 cm 3 in the Euro-3 type approval category. In order to allow an interesting comparison between these two vehicles, they were selected for comparable engine and after-treatment system features; besides, they are both equipped with last generation devices for increasing combustion efficiency and after-treatment systems for exhaust emissions. Therefore, the two vehicles under investigation represent a sample of the newly sold motorcycles in Europe that in recent years are also being utilised in urban contexts in industrialised countries, so playing an increasing role in urban mobility. The central aim of this study is to develop a deep understanding of the SI engine performance and emissive behaviour during the cold-start phase by means of a calculation procedure that evaluates the cold emissions of carbon monoxide and unburned hydrocarbon as a time-dependent function. This methodology was applied on the exhaust cold emissions of the two vehicles and for the examined pollutants; processing measured data allowed us to calculate the warm-up transient durations, the total exhaust emissions released during the cold-start transient and the cold-start emission factors. The emissive levels of these two motorcycles were measured in the European type approval driving cycle, namely "UDC+EUDC" (Urban Driving Cycle, Extra Urban Driving Cycle). The present investigation focused on these specific vehicles for several reasons. The two-wheeler class, in fact, is very utilised as widespread means of quotidian moving in main Asian and European cities, in which motorcycles and mopeds represent a large proportion of motorised vehicles [13, 14] . In recent years, powered two-wheelers accounted for about 32 million vehicles in the EU-27, making up around 8% of the urban vehicle fleet [15] .
For example, in Italy, parking difficulties and traffic congestion affect the choice of urban transportation mobility, to the extent that the proportion of motorised two-wheelers in the whole passenger mobility fleet is nearly 25% [16, 17] ; with around 9 million vehicles. In fact, the Italian two-wheeler vehicle fleet contributes about 28% to the whole EU-27 figures [18, 19] .
Besides, for new motorcycles fitted with both a catalytic converter and electronic control of the air-fuel mixture, a major part of the exhaust emissions takes place during the warm-up phase of the trips because the engine and catalyst are much too cold. In these conditions, in fact, carbon monoxide and unburned hydrocarbon extra cold emissions represent a significant proportion of global emissions if compared with those exhausted in hot conditions [7, 20, 21] . Finally, the existing emission models for estimating emissions from road transport sector do not particularly consider the emissive behaviours of mopeds and motorcycles during the warm-up phase [22, 23] . The emissive levels and emission factors calculated in these circumstances might not be adequately descriptive of urban driving cycles since the majority of cold starts of motorised two-wheelers fall in urban contexts and thus are driven under real urban driving conditions after the start. In view of all these concerns, it is clear that a consistent assessment of the emissive behaviour in cold conditions of motorcycles (and more generally of last generation SI engines) is extremely important. In fact, the cold emission factors and all other results obtained in this study are very useful in order to better characterise the emission levels of newly sold motorcycles under real urban conditions since these vehicles in recent years have taken on an increasingly major role in private mobility with a significant environmental impact on the urban air quality of metropolitan areas. Thus, in the present paper a comparison was performed between the processing results achieved in this investigation and the emission factors obtained through an emission model for calculating emissions from the road transport sector, giving interesting results.
MATERIALS AND METHODS

Experimental Details
The chief features of the two high-performance motorcycles adopted in the experimental tests are shown in Table 1 . The vehicles are fitted out with four-stroke SI engines and three-way catalytic converters for emissions abatement. The two motorcycles are also equipped with an electronic fuel injection system (in order to obtain a precise air-fuel mixing ratio) and a closed-loop exhaust after-treatment control system. Figure 1 shows one of the two vehicles on the test bench. The vehicles under investigation were selected from private owners on the basis of sales statistics relevant to the time of this study in order to represent the actual fleet distribution of in-use motorcycles. The fuel used for the test series was commercial gasoline. Roller test bench measurements were executed in the laboratories of the Istituto Motori (National Research Council, CNR-Italy); the motorcycles under investigation were tested on a two-wheeler chassis dynamometer (AVL Zollner 2000-single roller), which simulates road load resistance and vehicle inertia ( Figure 2 ). The bench is arranged to reproduce the road load conditions and to measure the exhaust emissions of the two wheelers during several dynamic speed cycles. By using this chassis dynamometer, it is too possible to carry out experimental tests in constant speed mode, constant acceleration mode and constant tractive force mode. In addition, a variable speed blower, positioned in front of the vehicle, acted as the cooling wind on the road. A driver's aid displayed a speed trace of the driving cycle to follow with a tolerance of ±1 km/h.
Each experimental test was performed in cold-start conditions and, before each experiment, the motorcycles were kept at a constant temperature of around 20 °C for at least 6 h. During the experimental tests the exhaust gases of the motorcycles were diluted with filtered ambient air by a Constant Volume Sampling with Critical Flow Venturi unit. A dilution tunnel was positioned upstream of the sampling for gas analysis in order to guarantee stable flow conditions. A portion of diluted gases so obtained was sampled downstream of the dilution tunnel to continuously measure the concentrations of CO and HC in the exhaust emissions using the flame ionisation detector analyser (FID) and a nondispersive infrared analyser (NDIR) of the exhaust gas analysis system (AVL AMA 4000). The gases used in the calibration of these instruments were CO, propane, nitric oxide and carbon dioxide, which were mixed with pure nitrogen; before being tested, these analysers were calibrated daily with zero gas. All measuring instruments offered a precision of ±2%. The background pollutant concentrations of the indoor air were also analysed and subtracted from the test results. The only correction made to the signals is that of the delay with respect to the real speed of the vehicles. 
Modelling the Cold-Start Emission Performance
The steady state performance of internal combustion engines has improved noticeably over the years, both in terms of fuel consumption and emissions quality. This can be attributed to a range of developments, including the use of common rail fuel injection, improved lubricants, more complex engine control strategies and the use of catalytic converters on most vehicles. However, the cold-start performance of vehicle engines remains difficult because the thermal efficiency of the internal combustion engine is meaningfully lower at cold-start than in hot conditions owing to sub-optimal lubricant and component temperatures. During the cold-start phase, in fact, as little as 9% of the energy in the fuel is converted to effective work, as a result of components and fluids being below their optimal temperatures [24, 25] . The energy thermal balance during the warm-up phase in the combustion chamber of a four-cylinder 1700 cm 3 spark ignition engine provided a breakdown of the 53% of energy that is transferred as heat to the cylinder walls. The energy transferred to the cylinder walls causes the coolant, the metallic structure (including the block and crankshaft) and the lubricant to warm up. However, what was indicated is that 52% of this transferred heat energy is not found to warm up any of the ancillary circuits (such as the lubricant or coolant), but is instead lost directly to the environment (unused heat). It was also noted that only 4% of the heat from combustion will be found to actually warm up the lubricant [24] . Similarly, the theoretical modelling work of Samhaber, Wimmer [26] detailed the energy balance of the heat sink of a diesel engine. In this work, it was found that 60% of the energy was used to heat the structural parts, with approximately 20% being absorbed by the coolant and 10% by the lubricant. Therefore, rates of emission and fuel consumption are higher during the warmup phase than during thermally stable operation, mostly in the case of petrol-engine vehicles. There are a number of specific reasons for this, including in particular the following:
Partial Combustion
In the cold-start phase, engine components are not yet at the operation temperature. In particular, the fuel can condense on the cool walls of the inlet manifold and the cylinder. It is therefore necessary to increase the supply of fuel to support combustion and drivability. The engine then works in conditions of rich combustion and, consequently, concentrations of CO and unburned hydrocarbons in the exhaust increase [3, 27] .
Catalyst Inefficiency
For petrol engine vehicles equipped with a three-way catalyst, the performance of the catalyst is reduced during the cold-start transient. The oxidation-reduction reactions occurring in the three-way catalyst reach the maximum conversion efficiency (99% for CO and 95% for HC) when combustion evolves at stoichiometric conditions and when the light-off temperature of the catalyst is around 300 °C (below this temperature, removal of pollutants is minimal). These conditions are not guaranteed during the warm-up phase, so reducing the conversion efficiency of the catalyst [27] .
Increased Friction
During the warm-up phase, the temperature of the lubricants is lower than optimal (100-110 °C) and thus their viscosity is higher than under normal operation conditions [28] . This entails higher friction between moving components and hence a lower efficiency of the engine [24] . Will and Boretti [25] estimated that frictional losses in the engine during the early stages of warm-up (when the engine is in the range of 20 °C) can be up to 2.5 times higher than those detected when the lubricant is fully warm. With these premises, therefore, it is clear that during the engine warm-up phase there are effectively three thermal masses interacting with each other, namely the main engine block, the lubricant and the coolant. Of the three, the coolant is the fastest to respond owing to its temperature being closely coupled to that of the combustion gases [29, 30] . In contrast, the lubricant temperature and block temperature are generally much slower to respond owing to the block having a large thermal inertia and the lubricant being much less closely coupled to the combustion process [31, 32] . During the early phases of warm-up when the cylinder walls are cold, most of the energy from combustion is transferred to the walls owing to the high temperature differential between them and the combustion gases [33, 34] . In previous publications [20, 35] , a methodology was presented to describe the examined cold-start phase, and now this procedure is concisely summarised. Cold-start emissions can be described by a cold instantaneous emission factor fcold(t), expressed as mass per time unit; in order to characterise the shape of this time-dependence function the following assumptions were considered.
This cold emission fcold(t) with time during the warm-up phase of SI engines can be split up into three different phases for both carbon monoxide and unburned hydrocarbons. During the first instants of warm-up, when the cylinder walls are cold, most of the energy from combustion is transferred to the walls owing to the high temperature differential between them and the combustion gases; therefore the "first phase" of the cold transient is characterised by the highest cold-start emissions owing to the greatest enrichment of the fuel-air ratio and to the lower temperatures of the engine, lubricant and catalytic converter. During the "second phase" of the cold-start transient, emissions decline owing to the gradual increase of the catalyst and engine temperatures and the lower enrichments of the air-fuel mixture ratio. The last rather stable phase ("third phase") is characterised by the lowest cold emissions because the operating temperatures are achieved and the air-fuel mixture values are very near to the stoichiometric ratio. Starting from these assumptions, therefore, extra emissions during operation of the coldstart engine can be represented by a cold emission factor fcold(t), represented by Equation (1), expressed through two parameters: "Treg", which is the cold transient duration, and "f0", which is the value of this analytical function for the instant t = 0 (explicitly: f0 = fcold(t = 0)). For the calculation of these two parameters, experimental data on the emission levels detected during the transient phase must be identified, as will be explained in the next section. However, on the basis of the previous assumptions, it is evident that this function satisfies two precise boundary conditions; this function, in fact, is always decreasing during the transient duration and the fist derivative is equal to zero at the end of the cold transient duration (namely Treg).
On the other hand, the analytical function of the cold cumulative extra emissions is calculated by integration of the function fcold(t) (Equation (1)), so obtaining Eq. (2).
RESULTS AND DISCUSSION
Both vehicles under investigation were equipped with electronic fuel injection systems, and the control of fuel feeding and increasing catalyst efficiency are also ensured during the transient phase; the on-board central unit (ECU) controls the fuel injection strategy with feedback signals that come from the oxygen sensor located in the exhaust tube. In these specific operating conditions, the cold emissive behaviour of these motorcycles was analysed under the original strategy of the fuel injection system. Information on the cold transient phase of the examined vehicles was obtained by applying the calculation procedure (summarised above) on the exhaust emissions measured during the UDC driving cycle. According to regulations of Stage 3 (Euro-3) of Directive 97/24/EC, more stringent emission limits entered into force for the two-wheelers category and substantial improvements were introduced with reference to normalised cycles: while until Euro-2 phase only a hot urban phase was considered, starting with Euro-3 phase, the Type Approval test cycle was replaced by a combination of "UDC" and "EUDC" phases for vehicles with an engine displacement >150 cm 3 , and a more comprehensive assessment of the emissive behaviour was mandatory, including cold start.
By processing the experimental exhaust emissions measured during the cold start of the "UDC" driving cycle, the experimental curves of total cumulative emissions were obtained as a function of the time for CO and HC; the contribution of hot emissions to these cumulative curves can be fitted with a linear regression that is characterised by high correlation coefficients. The duration Treg of the cold transient is calculated as the instant in which the curve of the cumulative emissions diverges from the linear regression. In Figure 3 , HC total cumulative emissions were measured on motorcycle B during the "UDC" driving cycle (similar results were obtained for CO emissions). Further, in order to set the parameter f0, the experimental and analytical curves of the "cold" cumulative extra emission were achieved: the experimental curves were obtained through the "total" cumulative curves of emissions (already defined and shown in Figure 3 ) by subtracting the hot phase linear regression during the transient duration. The analytical curves, on the other hand, were calculated as in Equation (2). In Figure 4 , parameter f0 for HC is chosen so that the analytical function fits the experimental curve. By using the values of Treg and f0 so obtained, CO and HC cold instantaneous emissions fcold(t) with time, corresponding to both motorcycles, were calculated using Equation (1) and are shown in Figure 5 , while in Table 2 the total cold-start emissions of these pollutants were calculated by applying Equation (2) for t = Treg, so obtaining Ec. By analysing Figure 5 for CO and HC, the second phase of the cold transient is clearly visible, which is characterised by a marked drop of the cold emissions owing to the gradual rise Treg of temperatures and for the lower enrichments of the air-fuel mixture. The last phase is also evident, characterised by the minimum cold emissions, because the normal operating temperatures of the catalyst and engine are achieved and the air-fuel mixture is very close to the stoichiometric ratio. It is evident that the cold transient duration Treg can also be derived by analysing the time-dependent functions represented in Figure 5 , because the pertinent equations are equal to zero for t = Treg; the cold transient durations Treg, calculated according to this calculation procedure, are equal (on average) to about 150 s for CO and 160 s for HC.
(a) (b) Figure 5 . Calculated CO and HC cold instantaneous emissions versus time in the UDC driving cycle for the two motorcycles By analysing the cold/hot emission ratios for the vehicles and pollutants shown in Table 2 , it is evident that for the motorcycles under investigation a considerable difference exits between emissions calculated during the cold-start phase and the emissions detected during the hot phase as a result of catalytic technology and improved SI engines adopted on these motorcycles. In particular, the reason may be attributed to numerous factors. Primarily, during the warm-up transient phase the SI engines need a rich air-fuel mixture (outside the optimum stoichiometric range) in order to compensate for the gasoline that does not contribute to the combustion process since the fuel condenses on the cold inside walls of the engine and for the fuel that has not still evaporated [3, 27] . Formation of carbon monoxide, in fact, depends mostly on the air-fuel mixture ratio: with regard to the two motorcycles under investigation, during the warm-up phase of the engine, mixture enrichment increases CO emission levels if compared with the exhaust emissions detected for stable engine operations [20, 35] . Table 2 . Cold transient information of carbon monoxide and unburned hydrocarbons obtained for the two tested vehicles in the UDC driving cycle.
In addition, at the lowest temperatures of ambient air, the cold engine during the cold phase hinders gasoline vaporisation, thus increasing the formation of unburned fuel and leading to increased unburned hydrocarbon emissions as a result of there being too much fuel present to achieve complete combustion. Furthermore, the fuel returning from forming a surface film on the combustion chamber surface is particularly poorly mixed and therefore poorly burnt [35] . Lastly, during the initial instants of the warm-up phase, the efficiency of the catalytic converter proves insufficient owing to rich levels of airfuel mixture and to temperatures of exhaust emissions at the catalyst inlet much lower than the light-off temperature of the catalytic converter. Under these particular functioning conditions, the gasoline that has not combusted, or just partially, flows through the catalytic converter untreated in the form of CO and HC. During the cold phase, therefore, the engine and catalyst are not at their optimal operating conditions: assuming that it is the equivalent rich air-fuel ratio with the catalytic converter that misses achieving the light-off temperature, the examined vehicles have produced higher cold extra emissions.
Comparisons with Emission Models
The results and experimental data obtained in this research allow us to develop a comparison with an emission model for calculating emissions from road traffic, namely ARTEMIS. The ARTEMIS project (Assessment and Reliability of Transport Emission Models and Inventory Systems) generated an emission model for all transport means and its objective is to offer reliable emission estimates at the regional, national and international levels. This project contains 13 work packages, and of these Elst, Gense [23] focuses on emissions of powered two-wheeler vehicles. The ARTEMIS WP500 project is centred on many online and bag emission results both from numerous experimental studies and international measurement programmes developed during the last years. Consequently, the focal target of the ARTEMIS WP500 project was to improve the typical emissions database for CO, HC and NOX, available for both old and last generation motorised two-wheeler vehicles, that will be the source for the emission models of this vehicle category. Cold-start additional emissions for regulated pollutants in mass units (for Euro-3 motorcycles with swept volume between 750 and 1000 cm 3 ) resulting from the ARTEMIS WP500 measurement programme are presented in Table 3 ; these values are given by the difference between emissions measured in the first two UDC sub-cycles required for complete warming-up of the engine and emissions measured during the subsequent two sub-cycles with a warmed engine. On the other hand, experimental values of the cold-start extra emissions detected on the tested motorcycles are displayed in Table 2 . It is noteworthy in this table that cold-start extra emissions measured for the two motorcycles are lower than the ARTEMIS WP500 values, as the tested vehicles are fitted with very efficient electronic fuel injection systems [20] , so providing improved fuel feeding control and increasing the efficiency of the catalytic converter during the cold transient compared to the emission results of motorcycle sample considered in the ARTEMIS WP500 measurement programme. 
CONCLUSIONS
In this study, a numerical-experimental procedure was optimised and applied to assess the cold transient emission behaviour of new-generation SI engines. For this purpose, two last generation motorcycles were operated on a chassis dynamometer for exhaust emission measurements. The main results can be summarised as follows: a) CO and HC formation in the engines of these motorcycles depend mostly on the air-fuel mixture ratio: during the warm-up phase of the engine, mixture enrichment increases CO emission levels if compared with the exhaust emissions detected for stable engine operations. In addition, at the lowest temperatures of ambient air, the cold engine during the cold phase hinders gasoline vaporisation, thus increasing the formation of unburned fuel and leading to increased unburned hydrocarbon emissions. b) Regarding HC, the experimental values of cold-start extra emissions are 0.7 g and 1.4 g, and the warm-up transient durations ranged between 145 s and 180 s. Regarding CO, cold-start extra emissions are 9.3 g and 11.1 g, and the coldphase durations were around 150 s. c) Decreasing cold-start enrichments for the tested vehicles in comparison with the results of the ARTEMIS WP500 emission model may be the result of internal engine optimisation and more accurate air-fuel mixture control of electronic fuel injection systems adopted on the tested motorcycles.
For these motorcycles (and more generally for similar vehicles equipped with last generation SI engines), the temperature of the catalytic converter and air-fuel mixture fraction therefore define the functioning of the catalyst and consequently also the net exhaust emissions during the cold transient. For this reason, improving the combustion process, the fuel injection strategies and the exhaust after-treatment systems are necessary in order to decrease the CO and HC cold emissions of these vehicles. Furthermore, the statistical processing results obtained in this study are very useful in order to improve the database of emission models commonly used for estimating emissions from the road transport sector. They can then be used to evaluate the environmental impact of last generation motorcycles under real driving behaviours.
